For normal-hearing adult listeners, two simultaneous pure tones with a frequency ratio close to 2/1 may perceptually fuse into a single sound, which shows that such listeners are sensitive to "octave harmony." Many adult listeners are also able to consistently adjust two successive pure tones "one octave apart," which shows that they possess melodic octave templates. According to Terhardt [J. Acoust. Sec. Am. 55, 1061-1069 (1974) ], melodic octave templates and the perception of octave harmony originate from a common learning process taking place in early life. In the two experiments reported here, subjects performed repeated octave adjustments for pairs of simultaneous and successive tone bursts. Both tones were presented monaurally, at 45 or 65 dB SPL. The frequency of the lower tone (fref) was an independent variable, while the frequency of the higher tone was adjustable within a 500-cent range. In some conditions, when the two tones were presented simultaneously, they were sinusoidally frequency modulated in a coherent manner, at a rate of 2 or 4 Hz; the aim of this frequency modulation was to force the subjects to adopt a synthetic listening strategy, i.e., to base their adjustments on perceived harmony. Forf•,f values ranging from 270-2000 Hz, subjects performed consistent adjustments when the tones were presented successively:f•f had little effect on the adjustments' variability. However, in the same frequency range, the variability of the harmonic adjustments markedly increased withf•,f; for the highestf• values, it was much greater than the variability of the melodic adjustments. The results suggest that, in adult listeners, the perception of octave harmony disappears at frequencies for which melodic octaves are still accurately perceived.
INTRODUCTION
A long-duration sound signal made up of two simultaneous and steady pure tones with frequenciesf and about 2.f can be listened to either "analytically" or "synthetically." In the analytic mode, the listener directs his attention to only one component tone at a time and the pitch of a given component tone is heard separately; the pitch interval formed by the two components can be assessed by attention switching, as if the components were presented successively; a musician required to say whether the pitch interval is, or is not, a welltuned melodic octave will be able to provide consistent judgments (but his judgments may show that a well-tuned melodic octave does not always correspond to a frequency ratio of exactly 2/1, as we shall see below). In the synthetic mode, the complex signal is heard as a whole; depending on the frequency ratio of its two components, it may then be judged as more or less consonant or dissonant, i.e., harmonic or inharmonic; this does not require a conscious knowledge of musical pitch intervals, since even musically illiterate persons will provide consistent judgments; they will tend to say that when the frequency ratio of the two components is exactly 2.0, the signal is more "fused," i.e., easier to hear as a single sound with only one pitch, than when the frequency ratio is, e.g., 1.8 or 2.2 (see Bregman and Doehring, 1984 
)?
Thus, octave relations correspond to perceptual singularities in two phenomenologically different domains, the domain of melody and the domain of harmony. On the one hand, musicians (as well as other listeners, of course) possess "melodic octave templates," corresponding to internal representations of the octave as a musical pitch interval. On the other hand, the perceptual integration of two simultaneous pure tones one octave apart into a single sound image with only one pitch reflects a sensitivity to what can be called "octave harmony."
The melodic octave templates of musicians have been investigated in a classic work by Ward ( 1953 Ward ( , 1954 . In most of his experiments, subjects were presented with sequences of pure tones in which a reference tone with a fixed frequency alternated with a test tone whose frequency was adjustable; cians' melodic octave templates are accurately defined up to at least 4000 Hz. Ward (1953 Ward ( , 1954 ) also performed an adjustment experiment in which the reference and test tones were not successive but presented simultaneously and continuously throughout each trial. This experimental condition was ambiguous in so far as subjects could, in principle, perform the task using both melodic and harmonic cues. The adjustments again tended to exceed one physical octave, but less than in the former condition; their standard deviations were slightly larger than in the former condition, but again did not vary markedly for reference tones ranging from 250-2225 Hz. A study on the perception of octave harmony was recently reported by Demany and Semal (1988) . In that study, we investigated the sensitivity of four subjects --including nonmusicians--to variations in the frequency ratio of two simultaneous and dichotically presented pure tones. The standard frequency ratios ranged from 1100 cents (1.888) to 1300 cents (2.119). Each tone was frequency modulated at a rate of 2 Hz and with a peak-to-peak width of 173 cents ( 10.5% ). Since the pitch of each tone continuously varied in time, and attention switching takes time, it was very difficult for the subjects to perform the task by making sequential comparisons of momentary pitch values taken by the two simultaneous tones; in other words, subjects were forced to listen to the stimuli synthetically. In addition, the dichotic presentation of the stimuli ensured that subjects could not detect beats ofmistuned consonances resulting from interactions of the tones in the same peripheral auditory filter (see Plomp, 1976 , Chap. 3). It was found in each subject that, when the two tones were located within some frequency domain, deviations from an octave ratio (2/1 ) were easier to detect than deviations from a slightly smaller (e.g., 1.888 ) or larger (e.g., 2.119) ratio. This provided objective evidence that human listeners are sensitive to octave harmony. However, the octave effect disappeared when the higher tone exceeded some frequency limit, varying between about 1000 and 2000 Hz from subject to subject. One possible explanation of the latter result is that octave harmony disappears for tones exceeding 2000 Hz. This hypothesis is consistent with informal observations briefly reported by Hall and Hess ( 1984, p. 170 ). On the other hand, the frequency limits observed might have been largely due to the dichotic, and thus abnormal, listening situation.
We wished to clarify this point in the present study, where the perception of both the harmonic and the melodic octave by subjects with some musical education was investigated with monaurally presented tones. The study consisted of two adjustment experiments in which octave matches were performed for pairs of either simultaneous or successive pure tones. In some conditions assessing the perception of the harmonic octave, the reference and test tones were both simultaneous and frequency modulated in a coherent (i.e., parallel) manner in order to prevent the perceptual use of melodic cues.
The variability of a given subject's adjustments in a given condition was taken as an index of the precision with which octave relations could be perceived in that condition.
Our main aim was to determine if this precision is or is not the same function of frequency register in the domains of harmony and melody. Previous studies cited above suggest that such is not the case and that the perception of octave harmony disappears above 2000 Hz, whereas melodic octaves remain accurately defined up to at least 4000 Hz. However, this divergence had to be confirmed by means of within-subject comparisons in directly comparable experimental conditions.
Relating the harmonic and melodic modes of octave perception seemed especially interesting in the light of ideas expressed by Terhardt (1970 Terhardt ( , 1971b Terhardt ( , 1974 Terhardt ( , 1980 . According to Terhardt, there is a close link between octave harmony and melodic octave templates since both would derive from a common learning process taking place in early life. More precisely, Terhardt hypothesized that: ( 1 ) in early life, the spectral components of periodic sound signals, such as vowels, are not fused into unified sound entities, but always perceived as separate tones with distinct "spectral pitches; "2 (2) following repeated exposure to such periodic signals, associative links are created between the spectral pitches evoked by their Fourier components, which form simple frequency ratios; (3) as a result Of this learning process, the spectral pitches of simultaneous pure tones with simple frequency ratios can finally give rise to a single "virtual" pitch, and this is the basis of harmony sensations; (4) through the same learning process, the distances between spectral pitches evoked by components in a given frequency ratio (for instance 2/1 ) become the internal templates of a given melodic interval (for instance, the melodic octave).
Thus, in Te?hardt's theory, the melodic octave templates of a given subject correspond exactly to the pitch intervals formed by simultaneous pure tones inducing, in the same subject, an optimal sensation of octave harmony. The fact that the perceptually well-tuned melodic octave is generally obtained for a frequency ratio slightly larger than 2/1 is explained by perceptual interactions between simultaneous spectral components one physical octave apart: such interactions would result in small pitch shifts of the individual components (see Terhardt, 1970 Terhardt, , 1971b .
We shall discuss Terhardt's conjecture concerning the origin of melodic octave templates in the final section of this article.
I. EXPERIMENT 1
A. Method
Subjects
Three normal-hearing listeners, LD, MG, and OL, aged 23-35, served as subjects in the experiment. Subjects LD and MG were the first author and a psychology student; they practice music occasionally but are not expert musicians. Subject OL was an advanced piano student who had shown remarkable pitch perception abilities in a previous psychoacoustic experiment; he was paid for his services.
Experimental condit
Each subject was tested in three experimental conditions, which will be labeled as M, H,, and Hvu.
In each trial of condition M, subjects were presented with a sequence of steady pure tones in which a reference tone with fixed frequency alternated with a frequency-adjustable test tone. Both tones had a total duration of 800 ms and 100-ms rise/fall times, shaped with a raised-cosine function. The reference and test tones were, respectively, followed by 200-ms and 650-ms pauses in the sequence. Subjects were required to adjust the test tone one melodic octave above the reference tone, as accurately as possible.
In condition H,, the sound sequence heard on each trial was made up of two-component complexes. The two pure tones forming each complex were steady and gated on and off simultaneously, with the same ramps as in condition M.
Each tone had a total duration of 1700 ms and the inter-tone pauses lasted 650 ms. The lower frequency tone (reference tone) was fixed, while the frequency of the other tone (test tone) was adjustable. Subjects were required to adjust the test tone, as accurately as possible, at the frequency producing the maximum "fusion," or "harmony," of the two simultaneous tones. Since the range of possible adjustments was restricted (see below), it was unnecessary to tell the subjects that their perceptual target had to be an octaoe harmony. None of the subjects reported perceptual criterion problems and/or asked for additional instructions during the experiment. It must be stressed that, in this condition, the test tone frequency never changed while a stimulus was being presented. Such was also the ease in condition M. JrIowever, in condition H,, this methodological detail was especially important because it strongly promoted a synthetic listening attitude. In Ward's (1954) experiment on octave perception with simultaneous tones, subjects adjusted the test tone while it was presented; this promoted, conversely, an analytic listening attitude (see Rasch, 1978; MeAdams, 1984; Hartmann, 1988) .
The third condition, HFs•, was identical to condition except for one point: In condition Hvs•, the tones used were not steady but sinusoidally frequency modulated at a rate of 4 Hz. The adjusted frequency was then the carrier frequency of the higher tone. The two tones forming each complex were modulated with in-phase waveforms, starting at a positivegoing zero crossing, and the carrier-to-peak frequency swing resulting from each modulation was a fixed proportion, 1/20, of the carrier frequency. Thus, during each complex, the ratio of the two instantaneous frequencies did not vary with time and remained equal to the ratio of the two carrier frequencies.
In each condition, the frequency (or carrier frequency) of the reference tone took six possible values: 270, 400, 600, 900, 1350, and 2000 Hz. The frequency ratios which could be adjusted by the subject ranged from 900-1400 cents on some of the trials, and from 1000-1500 cents on the others; one of these two possible ranges was randomly selected at the beginning of each trial. The reference and test tones were presented to the subject's right ear, each at 45 dB SPL, through a TDH-49 earphone? They were generated, with a precision of at least 14 bits and a sampling rate of 36.2 kHz, by a DMX-1000 digital synthesizer including antialiasing filters with a cutoff frequency of 9.6 kHz.
Procedure
The subject, sitting in a soundproof booth, had at his disposal a box with six pushbuttons. He started a trial by pressing button 1 and then used buttons 2-5 to adjust the frequency of the test tone, whose initial value was determined at random. Pressing buttons 2 or 3 decreased the test tone frequency, by 40-cent steps for button 2, and 5-cent steps for button 3; pressing buttons 4 or 5 increased the test tone frequency, by 5-cent and 40-cent steps, respectively. From a given tone pair to the next one in the sequence, only one-step changes could be produced; no change occurred ff no button was pressed. When satisfied with the adjustment, the subject pressed button 6 and the final setting was recorded. Throughout each experimental session, subjects were not informed of the values of their adjustments. 
L Mean values of the adjustments
The mean values of the 25 adjustments performed by each subject for each condition and reference frequency are given in Table I, In the other two conditions, where the tones were presented simultaneously, it appears that many of the mean adjustments are also significantly different from a physical octave, and generally exceed this interval. This implies, at least, that beat cues were not used to perform the task. In condition HvM as well as in condition H•, subject LD could hear beats, but only for the lowest reference frequency, 270 Hz. The other two subject never reported hearing beats. Ward ( 1953 Ward ( , 1954 found a strong correlation between a given subject's adjustments of successive and simultaneous octaves for various reference frequencies. In the present study, there is a rather strong correlation (r=0.84) between the mean adjustments of subject MG in conditions M and H•. However, the corresponding correlation is only 0.51 for subject OL and becomes negative ( --0.43) for sub- Note that, since the ranges of possible adjustments were restricted to 500 cents, a standard deviation approaching or exceeding 100 cents may reflect essentially random adjustments. Indeed, subjects reported that for the highest reference frequency, it was very difficult to adjust the test tone in conditions H, and H•vt: There was no narrow range of test tone frequencies inducing a distinctive sensation of harmony. By contrast, in the same register, melodic octaves were heard as well-tuned only for a narrow range of test tone frequencies.
II. EXPERIMENT 2
Experiment 2 was basically similar to experiment 1, but differed from it in two major respects. First, the SPL of the reference and test tones was not fixed at 45 dB, but took two main values: 45 and 65 dB. Second, the reference frequencies did not form a finite set, but varied randomly within two separate ranges: 300400 Hz and 1500-2000 Hz.
A. Method
Two subjects were used: the first author (LD) and a 20-year-old harpist (CL). Subject CL had a normal audiogram and was paid for her services. The subjects were tested in three conditions, similar to those of experiment 1: M, H•, and Hvu. However, condition Hru was omitted for subject LD. On each trial, the reference frequency (or carrier frequency) was randomly selected within a logarithmic frequency range extending from 300-400 Hz or from 1500-2000 Hz. In all sessions, these two ranges were used alternately from trial to trial. The total duration of each tone was 500 ms in condition M, 800 ms in condition H,, and 1050 ms in condition Hrt •. All tones had 50-ms rise/fall times, shaped with a raised-cosine function. In condition M, the reference and test tones were, respectively, followed by 200-ms and 600-ms pauses. In conditions H, and Hrta, the interstimulus pauses lasted 600 ms. In condition Hvs•, the sinusoidal frequency modulation of each tone had a 2-Hz rate and the carrier-to-peak frequency swing resulting from each modulation amounted to 10% of the carrier frequency.
For subject LD, the SPL of the reference and test tones took two possible values in condition M 45 and 65 dB• and three possible values in condition H• •45, 55, and 65 dB. 5 Thus, there were ten subconditions, i.e., five subconditions for each of the two ranges of reference frequencies. In a given daily session, four adjustments were made in each subcondition. Ten sessions were run, which provided a total of 40 data points in each subcondition.
For subject CL, the experiment was run in two parts. The first part included eight subconditions, i.e., four subconditions for each frequency range: condition M at 45 and 65 dB, and condition H, at the same two levels. For each subcondition, 3 adjustments were made in a daily session and a total of 36 adjustments were performed during 12 sessions. In the second part of the experiment, consisting of 5 sessions, the only condition involved was Hv•, at 45 and 65 dB; again, a total of 36 adjustments was obtained for each subcondition.
Subjects were tested in a double-walled soundproof booth and performed their adjustments using a computer keyboard, with the same procedural rules as in experiment 1. The tones, delivered to the subjects' right ear via a TDH-39 earphone, were generated by means of a digital signal processor (Oros AU22, based on a TMS 320C25 chip), with a precision of at least 12 bits, at a rate of 40 kHz for conditions M and H,, and 28 kHz for condition Hv•; the output of the digital-to-analog converter was low-pass-filtered at 20 kHz for conditions M and H,, and 8 kHz for condition Hr•. Figure 4 shows the adjustments made by subject LD for tones at 45 and 55 dB. In condition M (upper panels), systematic octave stretchings are apparent, and they are quite . large in the higher frequency range. However, the adjustments have relatively small standard deviations and are thus consistent. In condition H•, at 45 as well as 55 dB, the mean values of the adjustments never differ markedly from one physical octave, but the standard deviations are completely different for the two frequency ranges. In the higher range (right-hand panels), the subject was unable to perform accurate adjustments by any criterion; variations in the frequency of the test tone produced noticeable pitch changes in the stimulus as a whole, but the two tones could not be clear- ly heard out and no qualitative singularity could be detected, so that all possible adjustments were perceptually equivalent. In the lower range, by contrast, a distinctive sensation of harmony, fusion, singleness of pitch, emerged in the vicinity of the physical octave. In addition, within the frequency region where this sensation of harmony was maximum, beats of mistuned consonances could be heard with some attentional effort. Small frequency variations produced detectable changes in their rate while there was no perceptible change in the amount of harmony. The subject did not attempt to ignore these beats; on the contrary, he deliberately tried to cancel them in order to improve the adjustments' reliability. Since the beats may have arisen from interactions of the tones in the same peripheral auditory filter, the subject's data for the lower frequency range may not give an adequate image of his perception of octave harmony.
B. Results
For 65-dB tones, the subject's data are quite similar, as shown by Fig. 5 . This louder level did not enable the subject to perform reliable adjustments in the higher register for condition H,. On the other hand, the octaves adjusted in condition M and the higher register still have a relatively small variability, although they are even more stretched than for 45-rib tones.
In condition Hs, it was almost impossible for subject LD to adopt an analytic listening strategy. The (spectral) pitches of the two simultaneous tones were difficult to hear out, except for markedly mistuned octaves in the lower frequency range. On the contrary, subject CL reported that it was very easy for her to adopt an analytic listening strategy in condition H•: She could easily hear out the two tones. She felt that setting the two tones a melodic octave apart was the strategy leading to the most accurate adjustments. For this condition, she was instructed to be as accurate as possible by any method.
Figures 6 and 7 show that whatever the frequency range, CL performed relatively consistent adjustments in conditions M and H,. In condition H•, the adjusted frequency ratios are significantly smaller than one physical octave for the higher register, but the adjustments' variability does not increase much from the lower register to the higher one. In condition M, CL did not adjust stretched octaves; for 45-dB tones in the higher register, the standard deviation of her adjustments is large (36.1 cents), but it can be seen that this is due to only one adjustment ( + 155 cents) out of 36; if this atypical adjustment is left out, the standard deviation becomes 21.8 cents. In condition H•, CL was able to hear out the two tones and to set them a melodic octave apart as if they were presented successively'. However, this was no longer possible in condition H?st. Figure 8 shows that in this condition, for 45-dB as well as 65-dB tones, the adjustments were relatively accurate in the lower register but essentially random in the higher register. CL reported that in the higher register, she could not find any perceptual cue allowing for accurate and reliable adjustments. ments, the subjects were attempting to match the stimuli to "harmonic octave templates," corresponding to internal representations of the harmonic octave (no assumption being made, actually, about the physiological basis of octave harmony as a perceptual phenomenon). The inconsistency of the high-frequency harmonic adjustments can then be ascribed to: ( 1 ) an absence (or an inaccuracy ) of the necessary harmonic octave templates; or (2) an inaccuracy of the sensory information which was matched to the templates. Let us first consider the second possibility. Of course, harmonic octave adjustments will be inconsistent if, for instance, the SPL of the tones is so low that the tones are barely detectable. This was not the case in our experiments. Yet, the subjects' inconsistency can be ascribed to a special form of interaction between the two component tones of the stimuli: At some level of the auditory system, when presented simultaneously and listened to synthetically, the high-frequency The alternative --and more likely--possibility is that the high-frequency harmonic adjustments were not impaired by such interactions, and that the tones were encoded with about the same accuracy when presented simultaneously and when presented successively. (This does not mean that the encoded frequencies of the tones were exactly the same in conditions of simultaneous and successive presentation, but only that the encoded frequencies were equally well defined in the two conditions.) The inconsistency of the high-frequency harmonic adjustments would then result entirely from deficiencies in the subjects' harmonic octave templates themselves.
The latter interpretation is difficult to conciliate with a conjecture of Terhardt (1970 Terhardt ( , 1971b Terhardt ( , 1974 Terhardt ( , 1980 In any case, our results concerning the perception of octave harmony are basically congruent with those of Demany and Semal (1988), described in the Introduction; thus, in this previous study, the dichotic presentation of the stimuli was probably not an important factor. At low frequencies, the standard deviations of our subjects' adjustments in conditions H s and HFs t amount to 7-40 cents, which corresponds to frequency variations of 0.4%-2.3%. Moore et al. (1986) measured thresholds for inharmonicity perception in periodic complex sounds with a rich spectrum, a fundamental frequency of 100-400 Hz, and one harmonic mistuned. They found threshold mistunings of 1%-2% for the first and second harmonic (one physical octave apart); these thresholds are roughly similar to our standard deviations.
With respect to the perception of the melodic octave, we did not find, in the subconditions Mofexperiment 2, systematic and clear-cut fluctuations of the frequency ratios adjusted by a given subject within a given range of reference frequencies. Yet, each range corresponded to a musical fourth and within such ranges, idiosyncratic microfluctuations of adjusted melodic octaves were reported by, e.g., Ward Some results obtained by Attneave and Olson (1971) indicate that the consistency of melodic octave adjustments should drop rather sharply not far above the highest reference frequency we used, 2000 Hz. Yet, the precision with which, in a very wide range of frequencies, many adult listeners are able to set two successive pure tones "one octave apart" is amazing. In this respect, the octave seems to beat any other interval of the musical scale (Burns and Ward, 1982; Rakowski, 1988). We mentioned above Terhardt's hypothesis concerning the origin of melodic octave templates. Let us point out here that other hypotheses have been advanced. In particular, some authors (van Noorden, 1982; Ohgushi, 1983) argued that these templates originate from innate properties of the auditory system rather than from a learning process. Such a view is congruent with experimental data showing that 3-month-old infants already possess melodic octave templates in so far as, at least at low frequencies, they perceive two pure tones an octave apart as more similar than two pure tones a seventh or a ninth apart (De- •Some previous experiments on the perception of consonance (Plomp and Levelt, 1965 ; Levelteta!., 1966; Kameoka and Kuriyagawa, 1969) suggest that dyads of pure tones forming simple frequency ratios are actually not perceived as more consonant than physically inharmonic dyads. Terhardt ( 1984, p. 282) provides a convincing explanation of these negative results. In his view, consonance has two distinct components, "sensory consonance" (which depends on roughness and sharpness of timbre) and "harmony" (which is related to virtual pitch perception). Terhardt argues that, in the experiments just mentioned, the subjects ignored harmony and directed their attention on sensory consonance only. 2We are referring here to spectral components that are resolved in the auditory periphery. 3In experiment I, a level calibration of the test tone was done only for the frequencies corresponding to the physical octaves of the six reference tones. Thus, irregularities in the earphone response (especially around 4000 Hz) may have produced slight variations in the level of the test tone when its frequency was varied by the subject. 4When, in an adjustment task, the adjusted variable has a large effect on the percept induced by the stimulus but the task is difficult because no clear perceptual singularity can be found (i.e., the perceptual target is fuzzy), subjects may adopt an artifactual mnemonic strategy in order to reduce the adjustments' variability: On each trial, they may try to reproduce the stimulus adjusted on the previous trial instead of making an independent adjustment. Of course, this is possible only if an accurate mnemonic image of the previously adjusted stimulus is available. Our temporal organization of the trials minimized this potential memory bias since it was difficult for the subjects to keep an accurate memory trace of the stimulus adjusted on a given trial until the next trial involving the same reference frequency.
•Level calibrations were done only for the center frequencies of the two reference ranges and their physical octaves.
